Iron deficiency anemia (IDA) is the most common form of anemia worldwide. Although oral iron is used as first-line treatment, many patients are unresponsive to or cannot take oral iron. This Phase III, open-label, noninferiority study compared the efficacy and safety of ferumoxytol, a rapid, injectable intravenous (IV) iron product with low immunological reactivity and minimal detectable free iron, with IV iron sucrose in adults with IDA of any cause. Patients (N 5 605) were randomized 2:1 to receive ferumoxytol (n 5 406, two doses of 510 mg 5 6 3 days apart) or iron sucrose (n 5 199, five doses of 200 mg on five nonconsecutive days over 14 days) and followed for 5 weeks. Ferumoxytol demonstrated noninferiority to iron sucrose at the primary endpoint, the proportion of patients achieving a hemoglobin increase of 2 g dL 21 at any time from Baseline to Week 5 (ferumoxytol, 84.0% [n 5 406] vs. iron sucrose, 81.4% [n 5 199]), with a noninferiority margin of 15%. Ferumoxytol was superior to iron sucrose (2.7 g dL 21 vs. 2.4 g dL
Introduction
Worldwide, anemia has a prevalence of 25% [1] . In the United States (US), iron deficiency anemia (IDA) continues to be one of the most common types of anemia, affecting 1-2% of men and 2-5% of women [2] . IDA is associated with a range of adverse health and quality-of-life (QOL)-related issues including impaired cognitive development and performance, reduced work capacity, lower resistance to infection, increased morbidity and mortality related to childbearing, restricted infant and child growth, and impaired endocrine function [3] . There are many causes of IDA including digestive diseases and blood loss from the gastrointestinal (GI) tract, which are common causes in adult men and postmenopausal women, and excessive menstrual loss, which is the most common cause in women of childbearing age [4] [5] [6] [7] . Because of the clinical impact of anemia, patients with IDA require prompt and effective iron replacement treatment to increase iron stores and raise hemoglobin (Hgb) levels to improve or maintain their QOL [6, 8, 9] .
Although oral iron is the first-line treatment for patients with IDA, many patients are unable to tolerate, may not respond to, or cannot absorb oral iron [10, 11] . In these patients, an alternative to oral iron is required to effectively manage and treat IDA [12] . Prior to the recent approval of ferric carboxymaltose in the US, the only approved intravenous (IV) iron formulations for the treatment of IDA in patients without chronic kidney disease (CKD), that is, IDA of any underlying cause, were the iron dextrans [13] . The iron dextran products require the administration of a test dose and, per their US Food and Drug Administration (FDA)-approved prescribing information, are limited to low individual doses (100 mg), therefore requiring multiple doses to administer a typical full 1-g treatment course [14] . However, larger doses may often be administered as infusions over a number of hours; for example, the UK labeling allows for infusion of up to 20 mg iron/kg body weight infused over 4-6 hr [15] . The test dose is required by the FDA only for the first dose, whereas the UK Medicines and Healthcare Products Regulatory Agency (MHRA) requires a slower rate of administration for the first 25 mg of iron dextran for every dose [16] , stating that "the first 25 mg of iron should be infused over a period of 15 minutes, the patient must be kept under close medical observation during this period" [15] .
For these reasons, some health care providers may be reluctant to use the IV iron dextrans to treat patients with IDA who cannot tolerate oral iron [17] . Thus, there remains a need for additional safe and effective therapies for these patients in the US.
Ferumoxytol (Feraheme V R , AMAG Pharmaceuticals Inc., Waltham, MA) was approved in June 2009 by the FDA for the treatment of IDA in adult patients with CKD [18] . Ferumoxytol is a colloidal superparamagnetic iron oxide coated with a semi-synthetic carbohydrate specifically designed to minimize immunological reactivity [19, 20] . Ferumoxytol can be injected rapidly IV at doses of 510 mg with no test dose, and therefore a full treatment course (1.02 g) can be administered with only two clinic visits.
There are few randomized, controlled clinical trials that have directly compared IV iron products in patients with IDA of any underlying cause [21] [22] [23] . Recently, two Phase III trials have been completed that evaluated ferumoxytol for the treatment of IDA of any cause in patients with a history of unsatisfactory oral iron therapy or in whom oral iron could not be used, and a supplemental new drug application has been submitted to the FDA. The first study compared ferumoxytol with placebo [24] . Here, we present the results of the second trial (ClinicalTrials.gov identifier: NCT01114204), which compared the efficacy and safety of ferumoxytol with that of iron sucrose for the treatment of IDA in patients with a history of unsatisfactory oral iron therapy or in whom oral iron could not be used. These data demonstrate that ferumoxytol has safety and efficacy that was comparable to iron sucrose, suggesting that ferumoxytol may be a useful treatment option for these patients with IDA.
Methods
Study design and patient eligibility. This open-label, active-controlled, multicenter, global, Phase III study was designed to demonstrate noninferiority and was conducted in accordance with the ethical principles of Good Clinical Practice and in compliance with the Declaration of Helsinki. The study protocol was reviewed and approved by the institutional review boards or ethics committees at each study site. All patients provided written informed consent prior to study entry.
The study enrolled male and female patients 18 years of age, with Baseline Hgb >7 to <10 g dL 21 , transferrin saturation (TSAT) <20%, and history of unsatisfactory oral iron therapy or intolerance to oral iron. Serum ferritin was not utilized as an entry criterion because, although indicative of iron deficiency if very low (e.g., <30 ng mL 21 ) , it is an acute-phase reactant and may be artifactually elevated in the face of iron deficiency in patients with concurrent inflammation (such as those with cancer, heart failure, or autoimmune diseases). Patients were excluded if they had an estimated glomerular filtration rate <30 mL min 21 ; serum ferritin >600 ng mL 21 ; history of allergy to IV iron or two or more classes of drugs; females who were pregnant, planning to become pregnant, or who were breastfeeding; recent parenteral or oral iron therapy; a cause of anemia other than iron deficiency; recent or planned blood transfusions; recent or anticipated erythropoiesisstimulating agent therapy initiation, disruption, or dose change >20%; recent major surgery or invasive intervention within 4 weeks prior to screening; or recent initiation or change in therapy to control bleeding.
Treatment plan. The study consisted of a 14-day screening period, a treatment period of 5 days for ferumoxytol or 14 days for iron sucrose, and a 5-week followup period. Patients were randomized 2:1 to receive either ferumoxytol, administered as two injections of 510 mg given over 30-60 seconds 5 days apart, or iron sucrose, administered as five infusions or injections of 200 mg on five nonconsecutive days over a 14-day period. A test dose of a 20-mg injection or 25-mg infusion of iron sucrose was given to iron sucrose-na€ ıve patients prior to their first dose, in compliance with the labeling requirements for some of the countries where the study was conducted. No pretreatment was given prior to the study drug, and the study drug was administered at least 1 hr before chemotherapy.
Iron sucrose (VenoferV R , American Regent, Shirley, NY) was chosen as the comparator in this study because, although it is approved in the US for IDA in patients with CKD only [25] , it is approved outside of the US for IDA of any cause. In addition, unlike the IV iron dextrans that are approved in the US for this indication, iron sucrose does not have a black box safety warning. At the time of the study, ferric carboxymaltose was not approved for this indication in the US.
Study endpoints
Efficacy endpoints. The primary efficacy endpoint of this study was the proportion of patients achieving a 2-g dL 21 increase in Hgb at any time from Baseline to Week 5. Based on requests from different health authorities, a prespecified alternate primary endpoint analysis (the mean change in Hgb from Baseline to Week 5) was also performed. Secondary efficacy endpoints included the proportion of patients achieving an Hgb level 12 g dL 21 at any time from Baseline to Week 5; time to an Hgb increase of 2 g dL 21 or to Hgb 12 g dL 21 from Baseline to Week 5; and the mean change in TSAT from Baseline to Week 5. In addition, the mean change in the patient-reported outcome (PRO) for the Functional Assessment of Chronic Illness Therapy Fatigue (FACIT-Fatigue) [26] scale score from Baseline to Week 5 was also assessed. Furthermore, two additional prespecified exploratory PRO endpoints were included: the mean change from Baseline to Week 5 in the energy domain of the QOL Linear Analogue Scale Assessment (LASA-Energy) and the Vitality domain of the 36-Item Short-Form General Health Survey [27] (SF-36-Vitality) scores.
Subgroup analyses. The proportion of patients achieving a 2-g dL 21 increase in Hgb at any time from baseline to Week 5 and the mean change in Hgb from Baseline to Week 5 were also analyzed in five predefined subgroups based on the patients' primary underlying cause of their IDA, as attributed by the investigators (i.e., patients with abnormal uterine bleeding (AUB), cancer, GI disorders, postpartum anemia, or other conditions [e.g., patients with nutritional deficiency, heart failure, and rheumatoid arthritis]).
Safety endpoints. Safety endpoints, assessed throughout treatment and at the 5-week follow-up period, included: the incidence of treatment-emergent adverse events (TEAEs), serious adverse events (SAEs), severe adverse events (AEs), any AEs leading to withdrawal of study treatment, AEs leading to study withdrawal, and AEs leading to death. In addition, two composite endpoints were assessed, which were agreed upon a priori with the regulatory agency: AEs of special interest (predefined as moderate-to-severe hypotension occurring on the day of dosing and moderate-to-severe hypersensitivity reactions occurring within 48-hr post dose), and a composite cardiovascular endpoint (predefined as nonfatal myocardial infarction, heart failure, moderate-to-severe hypertension, and hospitalization due to any cardiovascular event). Safety assessments also included vital signs, physical examination, and laboratory parameters.
Statistical analyses
Efficacy analysis. For the primary efficacy endpoint, a sample size of 600 subjects (400 exposed to ferumoxytol and 200 exposed to iron sucrose) was calculated to provide 94% power for the assessment of the noninferiority of ferumoxytol and iron sucrose, assuming a two-sided alpha of 0.05, an efficacy rate of 60%, and a noninferiority margin of 15% for testing the difference between treatment groups.
The efficacy analyses were performed on the intent-to-treat (ITT) population (all randomized patients who had any exposure to the study drug [ferumoxytol or iron sucrose]). The point estimate and 95% confidence interval (CI) for the treatment difference of categorical endpoints are presented using the large sample size assumption. Noninferiority was first tested and then concluded if the lower bound of the 95% CI was greater than or equal to the predefined noninferiority margin (20.15) , and superiority if the lower bound was >0. Baseline Hgb for each subject was the Day 1 Hgb value (prior to injection of study drug); the screening Hgb value or most recent Hgb value prior to Day 1 was used for any patients missing a Day 1 Hgb value. Patients with no Hgb values reported post-Baseline were conservatively classified as not having achieved a 2-g dL 21 increase in Hgb. For secondary efficacy endpoints for treatment differences with continuous endpoints, the P value and 95% CIs were obtained using an analysis of covariance model, adjusting for Baseline Hgb and primary underlying condition. For treatment differences with continuous endpoints, the treatment difference, P value, and 95% CIs were obtained using an analysis of covariance model, adjusted for Baseline Hgb and primary underlying condition.
Mean change from Baseline to Week 5 in Hgb, TSAT, and FACIT-Fatigue score was presented by treatment group, and the point estimates, 95% CIs, and P value for the treatment difference were calculated. Because no patients with postpartum anemia were enrolled, no analysis was performed for this subgroup.
Safety analysis. The safety population, which included all randomized subjects who received any amount of study drug, was based on actual treatment received. All AEs were reported descriptively as patient numbers and incidence percentages; no statistical comparisons were performed on the safety data.
Results

Patient characteristics
A total of 605 patients from 96 sites were enrolled in this study between August 2010 and November 2011. Patients were randomized to one of the two treatment arms (ferumoxytol, n 5 406; iron sucrose, n 5 199) ( Supporting Information, Fig. 1) .
Baseline demographics were similar between the two treatment groups (Supporting Information, Table 1 ). The mean 6 standard deviation age of the overall study population (N 5 605) was 48.2 6 14.81 years, and the majority of patients were female (n 5 502; 83.0%) and predominantly white (n 5 510; 84.3%). Minor differences in age, sex, and race between the ferumoxytol and iron sucrose treatment groups were not clinically meaningful.
Approximately two-thirds of patients (66.8%) entered the study in the high Baseline Hgb subgroup (>8.5 to <10 g dL 21 ), and the remainder entered the study in the low Baseline Hgb subgroup (>7 to 8.5 g dL . Baseline values for TSAT and serum ferritin were 5.9% 6 10.1% and 24.5 6 78.1 ng mL 21 , respectively.
Efficacy
Primary efficacy endpoints. Ferumoxytol was shown to be noninferior to iron sucrose. Eighty-four percent of ferumoxytol-treated patients had an Hgb increase of 2 g dL 21 at any time from Baseline to Week 5 compared with 81.4% of patients treated with IV iron sucrose in the ITT population (noninferiority margin: 215%; Fig. 1) .
Secondary efficacy endpoints. At each time point examined (Weeks 3, 4, and 5), ferumoxytol-treated patients had a greater increase in Hgb values following treatment compared with those treated with iron sucrose, leading to a consistently higher mean Hgb level at each time point (Fig. 2) .
Ferumoxytol was shown to be superior to iron sucrose in the mean increase in Hgb from Baseline to Week 5 (the alternate, preplanned primary efficacy endpoint), with a treatment difference of 0.3 g dL 21 (ferumoxytol, 2.7 vs. iron sucrose, 2.4 g dL
21
; P 5 0.0124) (Fig. 3) . Ferumoxytol demonstrated noninferiority to iron sucrose in the proportion of patients achieving an Hgb level 12 g dL 21 at any time from Baseline up to Week 5. A total of 66.7% of ferumoxytol-treated patients achieved an Hgb level 12 g dL 21 at any time from Baseline to Week 5 compared with only 48.2% of iron sucrose-treated patients (P < 0.0001).
Ferumoxytol demonstrated a significantly shorter median time to an Hgb increase of 2 g dL 21 or to an Hgb level of 12 g dL 21 from Baseline than iron sucrose (16 days vs. 22 days, respectively; P < 0.0001) (Fig. 2) . Ferumoxytol-treated patients showed a statistically significant (P 5 0.0048) greater increase in TSAT from Baseline to Week 5 (14.5%) compared with the increase in iron sucrose-treated patients (10.6%).
Patient-reported endpoints. FACIT-Fatigue scores at Baseline were comparable for both IV iron treatment groups (ferumoxytol [27. 8 6 11.19] and iron sucrose [28.7 6 10.78]. At Week 5, significant improvements in FACIT-Fatigue scores from Baseline were demonstrated for both ferumoxytol (41.7 6 10.05) and iron sucrose (41.5 6 9.51). In addition, both the ferumoxytol and iron sucrose groups showed significant increases in SF-36-Vitality scores (13.0 vs. 12.5, respectively; P > 0.05) and LASA-Energy scores (21.9 vs. 21.3; P > 0.05) from Baseline to Week 5.
Effect of underlying condition on Hgb increase. In the AUB, GI, and Other subgroups, ferumoxytol achieved noninferiority for the proportion of patients with a >2.0-g dL 21 increase in Hgb and for the mean change in Hgb at any time from Baseline to Week 5.
The proportion of ferumoxytol-treated patients in the cancer subgroup with a >2.0-g dL 21 Hgb increase at Week 5 was also higher (54.8%) compared with iron sucrose-treated patients (38.5%), although ferumoxytol did not meet the criteria for noninferiority, probably due to the small number of patients in this subgroup (n 5 31; 7.6%). For the same reason, the mean improvement in Hgb in the cancer subgroup with ferumoxytol was comparable to that of iron sucrose (11.9 g dL 21 for both), but did not meet the noninferiority criteria. There were no patients with postpartum anemia enrolled in the study.
Safety
Overall, ferumoxytol was well tolerated and had a safety profile comparable to that of iron sucrose. TEAEs (ferumoxytol, 41.4%; iron sucrose, 44.2%) and drug-related TEAEs (ferumoxytol, 14.3%; iron sucrose, 16.1%) were reported at similar rates in the two treatment groups (Table I) .
SAEs were observed at a slightly higher rate in the ferumoxytol treatment group compared with the iron sucrose treatment group (4.2% vs. 2.5%, respectively). Except for uterine hemorrhage, which occurred in two ferumoxytol-treated patients (0.5%) and was not considered to be related to study treatment, all other SAEs in both treatment groups were individual events that occurred in single patients. There was no clustering of SAEs noted to suggest a specific safety signal. Two ferumoxytol-treated patients (0.5%) had SAEs deemed by the investigators to be related to study drug, including anaphylactic reaction in one patient and one event each of hypertension, angioedema, urticaria, and tachycardia in one patient.
There was one patient death reported in the ferumoxytol group that was considered by the investigator to be unrelated to treatment in a subject with a pancreatic tumor causing duodenal obstruction who died postoperatively.
AEs of special interest. Patients in both treatment groups experienced protocol-defined AEs of special interest. Iron sucrose-treated patients had a higher incidence (5.0%) of protocol-defined AEs of special interest compared with ferumoxytol-treated patients (2.7%). The incidence of Composite Cardiovascular Adverse Event Endpoint AEs (nonfatal myocardial infarction, heart failure, moderate-to-severe hypertension, and hospitalization due to any cardiovascular cause) was comparable between the two treatment groups. Overall, no trends or unexpected safety events were identified in this study between the two IV iron treatment groups.
Discussion
Results of this Phase III open-label study show that in the population of patients with IDA and a history of unsatisfactory oral iron therapy or in whom oral iron could not be used, ferumoxytol, delivered as two IV doses of 510 mg, provided a clinically meaningful and statistically significant increase in Hgb from baseline, a statistically significantly greater increase in Hgb levels compared with iron sucrose, and met the predefined criteria for noninferiority to iron sucrose. In the AUB, GI, and Other subgroups, ferumoxytol similarly demonstrated noninferiority to iron sucrose for the proportion of patients with a 2.0-g dL 21 increase in Hgb at any time from Baseline to Week 5 and in the mean change in Hgb from Baseline to Week 5. The proportion of ferumoxytol-treated patients in the Cancer subgroup with a >2.0-g dL 21 Hgb increase at Week 5 was also higher than iron sucrose-treated patients, but did not meet the noninferiority margin criteria; this was likely due to the relatively low number of patients with cancer enrolled in this study reflecting their higher priority to participate in therapeutic trials of anticancer agents.
The clinical benefit of ferumoxytol treatment in terms of increasing Hgb was further supported by the consistent, positive results from multiple PRO QOL instruments. Ferumoxytol was shown to improve scores from Baseline on the FACIT-Fatigue, LASA-Energy, and SF-36-Vitality with improvements in fatigue, energy, and vitality that were similar to those seen with iron sucrose. The PRO improvements from Baseline to Week 5 were clinically meaningful and exceeded the minimal important difference (MID) previously reported for these measures [28, 29] . For the LASA-Energy, the MID was previously estimated as 9.61 [29] . For the SF-36-Vitality, a difference of 5.0 points has been identified as the MID, and a decrease of 5-10 points has been correlated with increased risk of negative outcomes [30, 31] .
Ferumoxytol was also shown to be well tolerated when administered to patients with IDA. No new or unexpected safety signals were observed in patients treated with ferumoxytol. The majority of AEs were similar between the ferumoxytol and iron sucrose treatment groups. The frequency and types of AEs with ferumoxytol were consistent with those observed in the postmarketing experience with ferumoxytol in patients with IDA and CKD and in previous ferumoxytol IDA studies [11, [32] [33] [34] .
In addition to its potential efficacy and tolerability benefits, ferumoxytol can be administered as a rapid IV injection, does not require a test dose prior to administration, and requires fewer administrations to deliver a full 1-g treatment course than most of the other IV irons available in the US [35] . Unlike other IV irons, which generally require multiple office visits (five or more), ferumoxytol can be administered as two doses of 510 mg via IV injection in under 1 min, and therefore has the potential to improve treatment compliance [11, 36] .
Limitations of this study include the open-label, nonblinded design, which is a potential source of bias; however, because the study had no placebo arm and two active treatment arms, bias is likely to be minimal. The study was not powered to detect significant differences between treatments in the predefined subgroups. The dose regimens administered in the two treatment groups were different, which could lead to differences in efficacy and tolerability, but the regimens reflect how these agents are used in clinical practice based on their labels.
In conclusion, the results of this randomized, active-controlled, multicenter study suggest that the therapeutic usefulness of ferumoxytol may extend beyond its currently approved indication (i.e., the treatment of IDA in adult patients with CKD) to a broader population of IDA patients with a history of unsatisfactory oral iron therapy or in whom oral iron cannot be used [11, 32, 33, 37] . In this study, ferumoxytol administered as two IV doses of 510 mg each was shown to be well tolerated and effective in treating IDA. Ferumoxytol may, therefore, provide an important new treatment option for patients with IDA and a history of unsatisfactory oral iron therapy or in whom oral iron could not be used.
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